Hybrid nanocavities for resonant enhancement of color center emission in diamond 
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Resonantly enhanced emission from the zero phonon line of a diamond nitrogen-vacancy (NV) 
center in single crystal diamond is demonstrated experimentally using a hybrid whispering gallery 
mode nanocavity. A 900 nm diameter ring nanocavity formed from gaUium phosphide, whose 
sidewalls extend into a diamond substrate, is tuned onto resonance at low-temperature with the 
zero phonon line of a negatively charged NV center implanted near the diamond surface. When 
the nanocavity is on resonance, the zero phonon line intensity is enhanced by approximately an 
order of magnitude, and the spontaneous emission lifetime of the NV is reduced as much as 18%, 
corresponding to a 6.3X enhancement of emission in the zero photon line. 

PACS numbers: 



The diamond nitrogen-vacancy (NV) center is an opti- 
cally active impurity which combines many of the desir- 
able properties of quantum dots and laser trapped atoms. 
Optical transitions of diamond NV centers can display 
low inhomogeneous broadening, and have been used to 
generate single photons Ij, manipulate single electron 
spins [5] , and control nearby nuclear spin impurities [3H5] ■ 
Remarkably, room temperature electron spin coherence 
times of N Vs can exceed a millisecond [6] . These proper- 
ties make NVs a promising qubit for proposed quantum 
networks [7j, and an attractive system for applications 
such as magnetometry [5] and low power optical switch- 
ing An outstanding challenge to using NV centers as 
qubits in quantum information processing applications is 
creating a platform which mediates interactions between 
them. A promising approach to this problem is to cre- 
ate an on-chip quantum network, in which NVs interact 
optically via nanophotonic interconnects 10 . Coupling 
NVs to optical cavities plays a crucial role in this im- 
plementation, by enhancing the NV emission into a well 
defined optical mode, which can be efficiently coupled to 
waveguides and routed on-chip. Cavity enhancement of 
emission is particularly important for NV centers, as it 
provides a means for increasing the relative brightness of 
narrowband zero phonon line (ZPL) emission relative to 
broadband phonon assisted emission. Selection of emis- 
sion into the ZPL is necessary for protocols involving 
coherent interactions or indistinguishable photons. 

Recent efforts to efficiently couple NVs in nanocrys- 
talline diamond to nanophotonic structures [TTI - fT^ have 
been limited by poor NV optical properties in nanocrys- 
tals compared to those found in single crystal diamond. 
Progress towards fabricating nanophotonic devices di- 
rectly from single crystal diamond has recently made 
important progress |15] , limited primarily by fabrication 
difficulties related to creating thin films of single crys- 
tal diamond necessary for optical confinement in three 
dimensions. An alternative approach, which leverages 
existing semiconductor processing technology, is to cre- 
ate photonic structures from hybrid material systems in 
which a thin waveguiding layer is bonded to the surface of 



a single crystal diamond substrate. Light localized within 
waveguides and microcavities lithographically defined in 
the waveguiding layer can interact evanescently with NVs 
positioned near the surface of the diamond substrate, 
making this a natural system for coupling to arrays of 
NV implanted near surfaces, such as those studied in Ref. 
[16) . The hybrid approach can take advantage of proper- 
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FIG. 1: (a) SEM image of a hybrid GaP-diamond whispering 
gallery mode nanocavity. (b) Top-view and (c) cross-section 
of the dominant electric field component, Er, of the lowest 
order TE-like standing wave mode supported by the device 
in (a), with resonance wavelength Ao ~ 637 nm. The fields 
are calculated using finite difference time domain simulations. 
The field in (b) is plotted in the x — y center-plane of the GaP 
layer. 
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FIG. 2: (a) Spectrum of the nanocavity studied in (c) and (d) prior to tuning the nanocavity modes, (b) High-resolution PL 
spectrum of the nanocavity mode in (a) closest to the NV~ ZPL. The dashed line is a fit to the data of two incoherently added 
Lorentizian lineshapes. (c) Nanocavity PL spectrum as a function of cavity tuning cycle. Each tuning cycle corresponds to 
releasing a fixed volume of Xe gas into the cryostat. (d) Nanocavity PL spectra when the nanocavity is on resonance with the 
ZPL of NVl and NV2 (spectra A and B, respectively), and off resonance from any NV ZPL (spectra C). Spectra A, B, and C 
are measured after the tuning cycles indicated by the dashed lines in (c). 



ties of the waveguiding material which are not available 
in all-diamond systems, for example nonlinear or opto- 
electronic response useful for integrated optical modula- 
tion [17j . Hybrid semiconductor-diamond devices were 
used in Refs. |T51 [12] to demonstrate evanescent cou- 
pling between ensembles of NVs and micron-scale pho- 
tonic waveguides and cavities. Here, we demonstrate op- 
tical coupling between a nanoscale hybrid optical cavity 
and a single diamond NV center, and measure resonant 
Purcell enhanced spontaneous emission into the ZPL. 

The nanocavities studied here were realized from a hy- 
brid geometry consisting of a gallium phosphide (GaP, 
250 nm thickness, ncaP ~ 3.3) whispering gallery mode 
nanocavity supported by a single crystal diamond sub- 
strate. A typical device is shown in Fig. 1(a). They 
were fabricated following the process in Ref. [TH]. The 
diamond substrate consists of a CVD grown electronic 
grade single crystal diamond sample (Element Six) sub- 
jected to ion implantation (N+ lOkeV, 1 x 10^'^cm^^) and 
annealing (900° C in H2/Ar) to create NVs close to the 
diamond surface. A subsequent oxygen anneal step max- 



imized the NV^/NV" ratio near the surface [20]. The 
nanocavity diameter, d ^ 900 nm, is 5X smaller than in 
previous work [18] . To enhance optical confinement, the 
GaP sidewalls were extended 600 nm into the diamond 
using an oxygen plasma etch, decreasing the effective re- 
fractive index of the underlying nanocavity substrate. 

This structure supports whispering gallery modes 
whose field is primarily confined inside the GaP and in- 
teracts evanescently with NVs near the diamond surface. 
Figures [T|b) and (c) show the simulated field profile of 
the whispering gallery mode supported by this structure 
with azimuthal mode index m = 9, fundamental radial 
order {p — 0), and TE-like polarization (dominant elec- 
tric field component radially polarized) . The field profile 
was calculated using a finite difference time domain sim- 
ulation (FDTD) [21], and has a resonance wavelength 
close to AzpL ~ 637 nm of the NV~ ZPL, mode volume 
V ^ 3.0(A/nGap)'^, defined by the peak electric field en- 
ergy density, and a maximum intensity in the diamond 
of ?7dia ~ 0.11 of the peak intensity in the GaP. The the- 
oretical radiation limited quality factor, Qrad, for these 
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FIG. 3: (a) Time resolved photoluminescence of NVl excited with a pulsed green source, when the NVl ZPL is on (blue) and 
off (red) resonance with the nanocavity A_ mode. The time origin is chosen ~ 3.0ns after the excitation pulse peak (see inset) 
so that fast decaying nanocavity background does not influence the fits (solid lines). Nanocavity spectra under (b) CW, and 
(c) pulsed 532 nm excitation, when NVl ZPL is on (blue) and off (red) resonance with the nanocavity mode. The green shaded 
regions indicate the monochromator spectral window used for the lifetime measurements in (a). The dashed line in (c) is a 
fit to the data consisting of two incoherently superimposed Lorentzian lineshapes. (d,e,f) Data analogous to (a,b,c), with the 
nanocavity A_ mode tuned on and off resonance with the NV2 ZPL. 



structures exceeds 10^; in practice fabrications imperfec- 
tions and material absorption will limit Q below Qrad 

HH]. 

The fraction of spontaneous emission radiated from an 
evanescently coupled NV into the nanocavity mode de- 
scribed above can be predicted by calculating the Purcell 
enhancement to the zero phonon emission at 637 nm. In 
bulk, an NV~ radiates a fraction Czpl ~ 3% of its emis- 
sion into the ZPL, estimated from our measurements of 
area under the ZPL in the spontaneous emission spec- 
trum from an ensemble of NVs. In the presence of a 
resonant nanocavity, emission into the ZPL is enhanced 
by a factor i^zPL due to the Purcell effect 



fx 



ZPL — -r^ — 77 77 ' 

where E(rNv) is the electric field strength at the NV, Eq 
is the peak nanocavity field strength, is a unit vector 



describing the NV dipole orientation, no is the refractive 
index at the peak field location, and rid is the refrac- 
tive index of diamond. The total cavity enhanced NV~ 
spontaneous emission rate is then given by 



7c 



7o(l + -FzplCzpl), 



(2) 



where 7o is the bulk NV^ spontaneous emission rate. 
Equation [2] assumes that the NV-cavity system is in the 
"bad cavity" limit, and neglects the modification of off 
resonance NV emission by the nanocavity. 

The nanocavity optical properties were studied by ex- 
citing the device with a 532 nm source and measuring 
the resulting photoluminescence (PL). A scanning con- 
focal microscope (0.6 NA objective) was used to excite 
and collect PL from a sub-micron diameter spot on the 
nanocavity. Collected light was directed to a spectrom- 
eter or a time resolved photon counting module. For 
the implantation dose used here, the NV density is such 
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that a small number ('-^ 1 - 10) of NVs were typically 
excited by the excitation spot. All of the measurements 
were performed with the sample mounted in a liquid he- 
lium flow cryostat and cooled to 6K. Figure |2ja) shows a 
broad wavelength, low resolution (0.14 nm), spectrum of 
the nanocavity studied here when it was excited with a 
CW 532 nm source (~ 1 mW). Emission from the 637 nm 
ZPL of negatively charged NVs is clearly visible. Peaks 
in the emission corresponding to PL coupled to nanocav- 
ity modes are also evident, including a TE mode blue- 
detuned 3 nm from the NV~ ZPL. The modal polar- 
ization labels indicated in Fig. [2ja) were determined by 
comparing the resonance spacing with FDTD predicted 
values, as in Ref. [18], and by comparing their relative 
tuning rates in the measurements described below. 

Figure [2jb) shows a high resolution (~ 0.02 nm) spec- 
trum of PL from the nanocavity mode closest to the 
NV^ ZPL. This reveals that the nanocavity mode has 
a doublet structure consisting of two peaks at wave- 
lengths A± = Ao ± AA/2 with full- width at half-max 
(5 - 94 pm (Q± - 6800). AA = 0.27 nm is the doublet 
splitting, and S was determined by fitting the data with 
two incoherently superimposed Lorentzian lineshapes, as 
shown in Fig. [2]jb). The doublet structure results from 
nanocavity surface roughness and imperfections which 
couple the nominally degenerate clockwise and counter- 
clockwise circulating whispering gallery modes, creating 
non-degenerate standing wave modes [23]. 

As described by Eq. [T| when a nanocavity mode is 
resonant with the NV ZPL, the NV spontaneous emis- 
sion rate can be enhanced through the Purcell effect. We 
demonstrate this here by tuning the nanocavity in Fig. 
^a) through resonance with the NV ZPL, and show- 
ing that the nanocavity significantly enhances the ZPL 
intensity of coupled NVs. The nanocavity resonances are 
tuned by injecting Xe gas into the cryostat [25], where 
it condenses on the nanocavity surface and red-shifts the 
wavelengths of the nanocavity modes. In Fig. [2][c), the 
PL spectra in the vicinity of the NV^ ZPL are shown 
at discrete steps in the tuning process as the nanocavity 
mode closest to the NV~ ZPL is tuned from 636 nm to 
637.5 nm. The nanocavity doublet resonance shifts di- 
agonally across Fig. ^c) as the number of Xe tuning cy- 
cles increases. ZPL emission between 636.8 nm-637.4 nm 
from several distinct NVs is visible, creating horizontal 
features whose center wavelength is unaffected by the Xe 
tuning. The inhomogeneous distribution of ZPL wave- 
lengths is possibly the result of residual strain from the 
implantation step, or the diamond etching. When the 
nanocavity modes cross the ZPL lines, in some cases the 
ZPL PL intensity increases. In particular, a large en- 
hancement is visible when the A_ nanocavity mode is 
resonant with a ZPL at 637.0 nm (labeled NVl). A com- 
paratively modest enhancement is observed when A_ is 
resonant with a ZPL at 637.25 nm (labeled NV2). The 
relative magnitude of enhancement is shown in Fig. , 



which compares the PL spectrum when the nanocavity 
mode is on resonance with the NVl ZPL (slice A in Fig. 
2 'c)), on resonance with the NV2 ZPL (slice B in Fig. 
2 c)) and when it is detuned (slice C in Fig. [2]Jc)). 

In general, the magnitude of the enhancement depends 
on the NV position and dipole orientation relative to the 
nanocavity field maximum, as indicated in Eq. [ij The 
nanocavity standing wave whispering gallery modes have 
well defined electric field amplitude nodes and anti-nodes, 
whose specific phase is determined by the nanocavity im- 
perfections (21) . For maximum NV-cavity coupling, the 
NV must be located at an anti-node of one of the two 
standing wave modes, which is necessarily a node of the 
orthogonal standing wave mode. This nanoscale sensitiv- 
ity of the coupling strength on NV position is illustrated 
in Fig. by the asymmetry in the enhancement of 
the NVl ZPL enhancement when the nanocavity mode 
doublet peaks are on resonance. The A_ mode strongly 
enhances the NVl ZPL PL intensity; the A+ mode does 
not significantly affect the NVl ZPL. This indicates that 
NVl is positioned near an anti-node of the A_ nanocavity 
mode. 

To quantitatively determine the degree of enhance- 
ment, we measure the effect of the nanocavity mode 
on the spontaneous emission lifetimes of NVl and NV2. 
Figure [sja) shows time resolved PL when the device 
is excited with a pulsed green source (4.75MHz repeti- 
tion rate, 520 nm center wavelength, 28 nm bandwidth, 
300 fiW average power), with the nanocavity A_ mode 
is tuned on and off of resonance with NVl. To ensure 
that the spontaneous emission properties of only the NV 
of interest were being measured, the PL was spectrally 
filtered using a monochromator centered at the wave- 
length of the NVl ZPL (637.0 nm). This emission was 
then directed to a time-correlated single photon counting 
module which records the photon detection time relative 
to the excitation pulse. 

Figures [Sj^b) and (c) show the spectra obtained for the 
on and off resonance measurements of NVl under CW 
and pulsed excitation, respectively. In both cases an en- 
hancement to the NVl ZPL intensity is observed when 
the nanocavity is on resonance. Non-NV related emission 
from the nanocavity modes is strong in the pulsed exci- 
tation spectra (Fig. |3][c)), due to emission related to the 
nanocavity material or fabrication residue. This emission 
decays quickly (~ 3 ns) compared to the NV emission, as 
shown by the inset to Fig. [3]ja). Figure [3](c) also reveals 
that the nanocavity Q and doublet splitting was modi- 
fied compared to the measurements in Fig. [2] During the 
lifetime measurements, Q ~ 3000 and AA ~ 0.22 nm, as 
determined from the fit in Fig. [sj^c) . This degradation in 
Q, compared to the value observed during the measure- 
ments in Fig. [2] may be related to repeated condensation 
and evaporation of Xe or other cyrostat contaminants 
over the course of several measurement cycles for this 
device. Local modification of the GaP properties by the 
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green excitation laser, as reported in Ref. [13], may also 
affect the device characteristics. 

The NVl spontaneous emission rate can be determined 
by fitting the data in Fig. [sjja) with simple exponen- 
tial decay functions. These fits indicate that the NVl 
spontaneous emission lifetime is — 9.7 ± 0.07 ns and 
To = 11.6 ± 0.3 ns when the nanocavity mode is on and 
off resonance, respectively, with the NVl ZPL. This indi- 
cates that the nanocavity enhancement of the ZPL emis- 
sion appreciably modifies the total spontaneous emission 
rate of the NV. From 70, c = I/to.c, and the lifetime fits 
extracted from Fig.[3j we estimate Fzpl ^ 6.3±1.0. This 
corresponds to enhancing the fraction of NVl emission 
into the ZPL from Czpl ~ 3% to ~ 16%. 

The effect of the nanocavity on the NV2 ZPL is il- 
lustrated in Fig. [sj^d-f), which shows lifetime and spec- 
tral data when the nanocavity A_ mode is tuned on and 
off resonance. These measurements were performed in 
the same manner as the NVl measurements, but with 
the monochromator centered at the NV2 ZPL (637. 2nm). 
Note that during these measurements, the excitation spot 
alignment was optimized to maximize the NV2 ZPL emis- 
sion, resulting in larger on and off resonance contrast in 
Fig. ^e) compared to Fig. ^c). Fits to the data in Fig. 
[3]jd) indicate that the NV2 spontaneous emission lifetime 
is Tc = 9.84 ± 0.08 ns and To = 11.0 ± 0.2 ns when the 
nanocavity mode in on and off resonance, respectively, 
with the NV2 ZPL. This indicates that i^zPL ^ 3.8 ± 0.7 
for NV2. 

From Eq. [ij the FDTD predicted mode volume and 
field distribution presented above, and Q ^ 3000 mea- 
sured during the lifetime measurement, the maximum 
expected Fzpl can be calculated. For an NV optimally 
positioned relative to the nanocavity studied here, the 
ZPL emission would be enhanced by FzPl — 1^ and 
F|p"" — 6.7, assuming the NV is positioned at the sur- 
face, and 20nm below the surface (the maximum ex- 
pected implantation depth), respectively. i^zPL becomes 
smaller with the NV distance to the surface due to the 
evanescent decay of the nanocavity mode electric field 
intensity, which scales roughly as exp(— 2kzz), where 
= (27r/A)-\/nQjjp — n\^. Fzpl is also reduced when 
the NV is not positioned at an anti-node of the standing- 
wave mode, and if the NV dipole is misaligned relative 
to the field polarization. As discussed above, the rela- 
tive degree of ZPL enhancement when it is resonant with 
the A_ and A+ modes in Fig. suggests that NVl is 
closely positioned near a node of the A+ standing wave, 
and an anti-node of the A_ standing wave. 

In future work, i^zPL can be increased using higher 
Q nanocavities, and by further reducing V . Additional 
studies are required to determine the mechanism lim- 
iting the Q of the devices studied here, as well as the 
degradation in Q observed over the course of the mea- 
surements. Surface roughness and other defects are vis- 
ible in the SEM image in Fig. [T](a), and the large mode 



splitting AA indicates that surface scattering is present 
in these devices and likely plays an important role in 
limiting Q. By eliminating this roughness, it should 
be possible to achieve Q in excess of 2 x 10**, as was 
demonstrated in larger diameter hybrid GaP-diamond 
devices [IH]- Achieving this Q with the specific coupled 
NV-nanocavity device studied here would increase i^zPL 
to ^ 42, corresponding to enhancing the ZPL branching 
ratio to Czpl ^ 57%. 

Shrinking V is immediately possible by coupling an 
NV to the TM mode (m — 10, p — 0) of the nanocavity 
studied here. The TM mode has a smaller mode volume, 
V ^ 2.6(A/nGap)'^, than the TE mode, and a larger rela- 
tive intensity at the diamond surface, ?7dia ^ 0.15 , result- 
ing in an approximately 52% increase in -F^zpl compared 
to the TE mode for a given Q and an optimally positioned 
NV. Further reduction in V is possible by decreasing the 
nanocavity diameter to d = 650 nm; the resulting de- 
vice supports a TM mode with V ^ 1.7(A/nGap)^ and 
"Hdia ^ 0.39 , and radiation Qiad ^ 4 x 10"*. Ultrasmall V 
is possible using a hybrid GaP-diamond photonic crys- 
tal nanocavity proposed in Ref. [25], which supports TE 
modes with V ^ 0.5(A/riGap)^ while maintaining a radia- 
tion limited Qrad > 10^. These photonic crystal nanocav- 
ities are naturally suited to being interconnected, and are 
a promising system for implementing an on-chip quantum 
network to enable interactions between NVs. 

In the immediate future, ZPL photon detection rates 
exceeding those achievable using a microscope objective 
to collect NV emission can be achieved by combining the 
Purcell enhancement from the ring nanocavites demon- 
strated here, and the fiber taper waveguide PL collec- 
tion studied in Ref. |27| . This would be an important 
resource for quantum information resources such as NV- 
photon entanglement [28j which rely on narrowband mea- 
surement of ZPL emission. More generally, a fiber cou- 
pled nanocavity-NV system could be used as a bright 
narrowband source of indistinguishable photons, and to 
improve readout rates of the NV spin properties. 

This material is based upon work supported by the De- 
fense Advanced Research Projects Agency under Award 
No. HROOll-09-1-0006 and The Regents of the Univer- 
sity of California. 



* Institute for Quantum Information Science, University of 
Calgary, Calgary, AB, T2N 1N3, Canada; NRC-National 
Institute for Nanotechnology, 11421 Saskatchewan Drive 
NW, Edmonton, AB T6G 2M9, Canada; Electronic ad- 
dress: pbarclay@ucalgary.ca 
^ University of Washington, 4014 University Way NE, 
Seattle, WA 98105 USA 

[1] C. Kurtsiefer, S. Mayer, P. Zarda, and H. Weinfurter, 
Phys. Rev. Lett. 85, 290 (2000). 

[2] F. Jelezko, T. Gaebel, I. Popa, A. Gruber, and 



6 



J. Wrachtrup, Phys. Rev. Lett. 92, 076401 (2004). 
[3] F. Jclczko, T. Gacbol, I. Popa, M. Domhan, A. Grubcr, 

and J. \\'rachtmp, Phys. Rev. Lett. 93, 130501 (2004). 
[4] L. Childress, M. V. Gurudev Dutt, J. M. Taylor, A. S. 

Zibrov, F. Jelezko, J. Wrachtrup, P. R. Hemmer, and 

M. D. Lukin, Science 314, 281 (2006). 
[5] M. V. Gurudev Dutt, L. Childress, L. Jiang, E. Togan, 

J. Maze, F. Jelezko, A. S. Zibrov, P. R. Hemmer, and 

M. D. Lukin, Science 316, 1312 (2007). 
[6] G. Balasubramanian, P. Neumann, D. Twitchcn, 

M. Markham, R. Kolesov, N. Mizuochi, J. Isoya, 

J. Achard, J. Beck, J. Tissler, et al., Nat. Mat. 8, 383 

(2009) . 

[7] H. Kimble, Nature 453, 1023 (2008). 
[8] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M. 
Taylor, P. Cappellaro, L. Jiang, M. V. G. Dutt, E. Togan, 
A. S. Zibrov, et al., Nature 455, 644 (2008). 
[9] H. Mabuchi, Phys. Rev. A 80, 45802 (2009). 
[10] S. C. Benjamin, B. W. Lovett, and J. M. Smith, Laser 

Photonics Rev. 3, 556 (2009). 
[11] P. E. Barclay, O. Painter, C. Santori, K.-M. Fu, and 

R. Beausoleil, Opt. Express 19, 8081 (2009). 
[12] D. Englund, B. Shields, K. Rivoire, F. Hatami, J. Vuck- 
ovic, H. Park, and M. D. Lukin, Nano Letters 10, 3922 

(2010) . 

[13] J. Wolters, A. W. Schell, G. Kewes, N. Niisse, M. Schoen- 
gen, H. Doschcr, T. Hannappel, B. Lochel, M. Barth, and 
O. Benson, Applied Physics Letters 97, 141108 (2010). 

[14] T. van der Sar, J. Hagemeier, W. Pfaff, E. C. Heeres, 
S. M. Thon, H. Kim, P. M. Petroff, T. H. Oosterkamp, 
D. Bouwmeester, and R. Hanson, Appl. Phys. Lett. 98, 
193103 (2011). 

[15] A. Faraon, P. E. Barclay, C. Santori, K.-M. C. Fu, and 



R. G. Beausoleil, Nat. Photon. 5, 301 (2011). 
[16] D. M. Toyli, C. D. Weis, G. D. Fuchs, T. Schcnkel, and 

D. D. Awschalom, Nano Lett. 10, 3168 (2010). 
[17] A. Yariv and P. Yeh, Photonics: Optical Electronics in 

Modem Communications (Oxford, 2006). 
[18] P. E. Barclay, K.-M. Fu, C. Santori, and R. Beausoleil, 

Appl. Phys. Lett. 95, 191115 (2009). 
[19] K.-M. C. Fu, C. Santori, P. E. Barclay, I. Aharonovich, 

S. Prawer, N. Meyer, A. M. Holm, and R. G. Beausoleil, 

Appl. Phys. Lett. 93, 234107 (2008). 
[20] K. Fu, C. Santori, P. Barclay, and R. Beausoleil, Appl. 

Phys. Lett. 96, 121907 (2010). 
[21] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, 

J. Joannopoulos, and S. G. Johnson, Comp. Phys. 

Comm. 181, 687 (2010). 
[22] E. M. PurccU, Phys. Rev. 69, 681 (1946). 
[23] C. Santori, P. Barclay, K. Fu, R. Beausoleil, S. Spillane, 

and M. Fisch, Nanotechnology 21, 274008 (2010). 
[24] M. Borselli, T. J. Johnson, and O. Painter, Opt. Express 

13, 1515 (2005). 
[25] S. Mosor, J. Hendrickson, B. C. Richards, J. Sweet, 

G. Khitrova, H. M. Gibbs, T. Yoshie, A. Scherer, O. B. 

Shchekin, and D. G. Deppe, Appl. Phys. Lett. 87, 

141105(2005). 

[26] P. E. Barclay, K. M. Fu, C. Santori, and R. G. Beausoleil, 
Opt. Express 17, 9588 (2009). 

[27] K.-M. C. Fu, P. E. Barclay, C. Santori, A. Faraon, and 
R. G. Beausoleil, arxiv:1102.5372 (2011). 

[28] E. Togan, Y. Chu, A. S. Trifonov, L. Jiang, J. Maze, 
M. V. G. D. L. Childress and, A. S. Srensen, P. R. Hem- 
mer, A. S. Zibrov, and M. D. Lukin, Nature 466, 730 
(2010). 



